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SUMMARY-PART I 
1. Respiration determinations were made on Grimes Golden 
apples at intervals throughout two storage seasons at storage 
temperatures of 60°, 50°, 36° and 30° F. 
2. Temperature was the outstanding factor influencing res-
piratory intensity. A close correlation between temperature 
and respiration was found to exist when the fruit was subjected 
to alternating temperatures. 'When the temperatures of Grimes 
apples were alternated three different times during the storage 
period (at approximately monthly intervals) from 50° to 30° F. 
and vice versa, the respiration rate was lowered or increased, 
depending upon whether the change was from the higher tem-
perature to the lower or from the lower to the higher. The 
rate, however, was neither stimulated nor depressed further 
(after the fruit samples had reached temperature equilibriums 
of 50° and 30° F.) than the respiration rate of fruit held con-
stantly at the two temperatures. 
3. It required about 60 hours for fruit at 50° F. to reacl1 
30° F. upon being transferred to the latter temperature, and 
VIce versa. 
4. Respiratory activity of apples just at the time of place-
ment in storage serves as an index to the storage capacity of 
fruit, particularly with respect to soggy breakdown. FI:uit 
picked and held at a moderately high temperature soon reached 
a high rate of respiration. When transferred from a stage of 
high activity to a lower temperature where retarded activity 
resulted, there was a disturbance within the tissue subsequently 
shown by soggy breakdown. 
5. Soggy breakdown developed with deferred storage when 
Grimes at 50° were transferred to a temperature of 30° F., pro-
viding the transfer came during the period of high respiratory 
activity; otherwise no breakdown developed. The highest per-
centage of soggy breakdown occurred when Grimes were trans-
ferred while at the peak of respiration at 50° to 30° F. 
6. The fruit's life was prolonged by placing it in storage 
immediately after being picked. In the lower temperatures 
respiratory activity was reduced to a minimum. 
7. The curve depicting the respiratory activity 01 the 
Grimes apple throughout its storage period at 50° F. indicated 
four distinct stages of intensity. These were (1) a short period 
of accelerated ascent; (2) a short period of rapid descent; (3) 
a longer period of gradual descent; (4) a period of senescence, 
which gave rise to a slightly increased rate of respiration, be-
cause of such complications as mealy breakdown and scald. 
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8. At a temperature of 50 0 F. apples from high nitrogen 
treatments respired consistently more than did the check lots 
at this temperature. At 36 0 or 30 0 F. temperature was the con-
trolling factor in respiration and previous nutrient and environ-
mental conditions had little effect. 
9. A higher percentage of soggy breakdown developed with 
deferred storage fruit from the high nitrogen treatment than 
from the check lots of apples. 
Physiological Behavior of Grimes 
Golden Apples in Storage1 
By PAUL L. HARDIl'IG2 
Part 1. Respiratory Intensity 
Practically all storage investigators have emphasized the im-
portance of storing apples immediately after they are picked. 
The reason for this practice is better understood when it is real-
ized that with a rise in temperature there is a corresponding 
increase in metabolic activity which may remain at a relatively 
high level for a considerable period. When this occurs apples 
ripen very rapidly. Placing fruit under temperatures slightly 
above freezing, however, slows down activity to a minimum, 
and the life of the fruit is greatly prolonged. A picture, then, 
of respiratory activity going on within the tissues of the apple, 
indicates how fast or how slowly metabolism is proceeding. 
Thus, in order to slow down activity within the fruit it should 
be placed in storage as soon as possible after it is picked. Tem-
peratures of 50° to 80° F. , which are common at picking time, 
greatly increase respiration, and maximum activity is reached 
within a very short time. 
Holding fruit in the orchard or warehouse for' several days 
or weeks before it is placed in storage may result in internal 
metabolic disturbances. Transferring fruit from high tempera-
tures with accompanying high respiratory activity to lower 
storage temperatures places it under conditions in which a 
minimum of change takes place. Changes in respiratory in-
tensity under these extremes of temperature may be readily de-
termined by measurement of the rate of CO2 evolution from the 
fruit. It is recognized that this method of measuring respira-
tory intensity does not give a complete analysis of respiration 
pl'ocesses ; n evertheless, measurement of CO 2 evolution is gen-
erally considered a reliable index of metabolic changes. Just 
how these changes affect the apple is difficult to answer. It is 
known, however, that changes which accompany wide tempera-
ture fiuctuations may result in certain functional disorders. 
(45) (46). 
The purpose of this investigation is to determine the role 
] T aken from a thesis s ubmitted to the Graduate Faculty of Iowa State 
College in partial fulfillment of the requirements for the degree of doctor of 
philosophy. Project No. 280 of the Iowa Agricultura l Experiment Station. 
2 The author expresses his sincere a pprec ia ti on to Profs. T. J. Maney 
H. H. Plagge a nd B. S. Pickett for assis t a nce and cooperation during the ir 
direction of the work; and to Drs. R. M. Hixon, W. E. Loomis a nd E. S. Habpl" 
for helpful advice. 
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which respiration, catalase and oxidase play in the development 
of these disorders, especially in the development of soggy break-
down, and incidentally to determine any inter-relationship be-
tween respiratory intensity and catalase and oxidase activity. 
HISTORICAL 
Respiration of plants and animals has attracted the attention 
of scientific workers from a very early date. Results of these 
experiments and the general subject of respiration have been 
reviewed extensively by Bigelow and Gore (4), Hill (26), Pal-
ladin (44) and Kostych ev (33). The subject of respiration is 
so broad that only the work specifically dealing with respira-
tion of apples under various temperature conditions will be re-
viewed. 
Extensive work by Bigelow and Gore (4) and Gore (15 ) 
showed that the rate of respiration increased with the rise of 
temperature according to Van't Hoff's law. Morse (41) meas-
ured the amount of carbon dioxide given off from apples stored 
at 32°, 50° and 68° :F'. and showed that lower temperatures re-
tarded respiratOl'Y activity and thus prolonged the fruit's life. 
Magness et a1. (39) showed that there was a very close agree-
ment between the rates of respiration and the softening of 
Grimes Golden apples . Kidd and West (30) pointed out that 
it might be possible to Ipredict the keeping quality of apples 
from observations of certain chemical properties and a knowl-
edge of their respiratory activity. Kidd and West (28) (31) 
agreed with Magness et a1. (39) and Burroughs (7) that long 
life of apples was related to low respiratory activity. Harding 
(18 ) pointed out that the rate of respiration increased with the 
development and maturity of the fruit under a uniform tem-
perature. 
Hill (26) and others (5), (27), (49), (28), (38) have studied 
fruit behavior under aerobic and anaerobic conditions. These 
investigations indicated that injury was due to insufficient oxy-
gen and also possibly to the accumulation of carbon dioxide. 
Magness (36), Magness and Burroughs (37) and Magness and 
Diehl (38) determined the ratio of carbon dioxide to oxygen 
within the intercellular spaces of apple tissue and the effect of 
temperature on this relationship. 
Magness and Burroughs (37) showed that apples held at 
storage temperatures of 32° and 36° F. respired at a very con-
stant rate throughout the storage season. Burroughs (8) and 
Magness and Diehl (38) studied respiratory activity of apples 
through the ripening period and the effect of alternating tem-
peratures, wounding, coating the fruit with oil and paraffin, 
and their effect on the subsequent respiration rate at 68.5° F'. 
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In studies relative to the effect of freezing on apple tissue 
Car-rick (9) found that lowering the temperature from 0° C. to 
_8° C. reduced carbon dioxide evolution 90 times. He also 
found (10) that by freezing apples a few hours and then meas-
uring the respiration rate at 0° C., the amount of carbon diox-
ide was increased 85 percent. Some stimulatory effect was 
noticeable a month later. 
Kidd and West (28) presented curves showing the variation 
in the respiratory activity in storage of single apples from the 
same sample. Their work also included curves showing' inten-
sity of respiration of apples from three soil-types, viz., fen, 
gravel and silt. Apples from fenland soil respired most rapidly. 
had a shorter storage life, contained the highest percentages of 
nitrogen and were low in sucrose. Apples from gravel soil en-
tered storage more advanced in maturity, respired less than 
apples from fen soil, had the shortest storage life and were low 
in both nitrogen and sucrose. Apples from silt soil respired 
least rapidly, had the longest commercial storage life, were low 
in nitrogen and high in sucrose. 
Harding (18) has shown that the respiration rate of Grimes 
Golden apples increased rapidly at a temperature of 50° F. and 
reached its highest intensity 4 to 5 weeks after picking. This 
period of highest respiratory activity was immediately followed 
by a period of sharp decline and still later by a period of slower 
activity. Apples stored while in the period of highest respira-
tory activity subsequently developed the largest proportion 
of soggy breakdown. 
Kidd and West (29) have recently called attention to the 
similarity of the respiration curve's form of Grimes Golden 
apples as noted by Harding (18) to that of the English variety, 
Bramley'S Seedling, at the same temperature. They (29) have 
also recognized that Bramley's Seedling is most susceptible to 
the low-temperature type of breakdown when it is stored while 
in the stage of highest respiratory intensity. 
METHODS AND APPARATUS FOR CARBON DIOXIDE 
DETERMINATION 
Grimes Golden apples for these investigations were obtained 
largely from the Apple Grove Orchards, Mitchellville, Iowa. 
The soil had previously received applications of sodium nitrate 
at the rate of 5 pounds per tree in the springs of 1927 and 1928. 
In order to determine more accurately the keeping quality of 
fruit from trees treated with nitrogenous fertilizers, the appli-
cation of nitrate of soda was increased in 1929 to 10 pounds per 
tree. Apples used for respiration investigations in 1928-29 were 
from trees receiving the two applications of 5 pounds per tree 
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per year in 1927 and 1928. In 1929-30 apples used in the res-
piration experiments were from trees which received 10 pounds 
per tree in 1929, in addition to 5 pounds per tree for 1927 and 
1928. The latter treatment will be hercafter designated as 
"high nitrogen." The treatment in which the trees received 5 
pounds of nitrate of soda in the years 1927 and 1928 will here-
after be designated as "nitrate 5-5;" whereas the treatment 
in which the trees received 5 pounds of the nitrate fertilizer in 
the years 1927 and 1928, and 10 pounds in 1929, will be desig-
nated as "nitrate 5-5-10." 
For the check apples Grimes were obtained from a nearby 
orchard owned by Cyrus Harvey. The fruit was smaller, and 
the trees showed typical characteristics of trees suffering from 
nitrogen deficiency. Trees on the nitrated plot, in contrast, 
were vigorous, had large leaves and the fruit graded large. 
Grimes from these orchards were picked on the same day. 
Within 12 hours from the time of picking they were graded, 
packed, transported to Ames, weighed, placed in large respira-
tion chambers and subjected to the desired temperatures. 
Reference has been made to the investigations of Kidd and 
West (28) wherein a variation of respiratory activity was found 
to occur with single apples selected from the same' samples. 
Maney, Harding and Plagge (40) recognized this variation of 
single apples due to differences of maturity. In order to reduce 
the high experimental error resulting from small samples, they 
designed a large pickle bottle respiratory chamber which was 
used throughout the following investigations. 
The procedure followed in the use of the apparatus for the 
determination of carb.on dioxide as a measure of respiration was 
exactly that described by Harding, Maney and Plagge (19). 
Fig. 1. Apparatus for the determination of carbon dioxide as a measure 
0( respiration. 
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The apparatus is shown in fig . 1. Air was drawn through two 
wash bottles, 1 and 2, containing 50 percent potassium hydrox-
ide. It was then bubbled through barium hydroxide, in bottle 
3, as a check on the absence of carbon dioxide. Connections 
with the respiration chamber, 4, were made with copper tubing 
in such a way as to draw the carbon dioxide-laden-air from the 
bottom of the bottle. At the points Band C, "Y" tubes were 
placed lin ordcr that the air stream might be directed either 
through the absorption tower for the mcasurement of carbon 
dioxide or directly to the flow-meter in ease continuous aspira-
tion was desired without measuring the carbon dioxide. A sim-
ple manipulation of steel clamps permitted the air to pass 
through either system. This system made possible the removal 
of carbon dioxide which might have accumulated in the respira-
tion chamber previous to a determination. It was possible to 
make connections with the absorption tower with only a momen-
tary stoppage of the air-stream. Continuous aspiration was 
practically accomplished with no loss and very little accumula-
tion of carbon dioxide in the respiration chamber. 
Carbon dioxide was absorbed in a Truog absorption tower, 
5 (50). Bottle 6 contained barium hydroxide and served to 
indicate whether carbon dioxide "vas passing off unabsorbed. A 
flow-meter, 7, was adapted to this apparatus in order to keep 
the rate of aspiration uniform and of a known velocity. The 
flow-meter was connected with the' aspirator at the point "D." 
The reagents used in carrying out the titrations were N/ 5 solu-
tions of standard hydrochloric acid and barium hydroxide, with 
phenolphthalein as an indicator. 
In measuring carbon dioxide evolution at a given tempera-
ture it is of utmost importance that constant temperatures be 
maintained, since fluctuation in temperature soon influences 
respiratory activity. Temperature and relative humidity in 
the various storage rooms were kept very uniform. 
EXPERIMENTAL 
EFFECT OF ALTERNATE TEMPERATURES UPON 
CARBON DIOXIDE EVOLUTION 
As a preliminary step in this investigation, in order to ob-
serve the effect of alternate temperatures upon carbon dioxide 
production, two jars of Grimes Golden apples were held at 
50 0 F. until the experiment was initiated on Nov. 1. Then jar 1 
was placed at 30 0 and jar 2 remained at 50 0 • Fruit in the 
respiration chambers was allowed to reach the temperature of 
the storage room before respiration determinations commenced. 
From table 1 it may be noted that 60 hours were necessary for 
fruit at 50 0 to reach a temperature of 30 0 or for fruit at 30 0 
~~ 
" c 0", 
'<:':; 
~E 
0-
z"' 
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TABLE 1. RELATION OF FRUIT TEMPERATURES TO RESPIRATORY 
INTENSITY. 
Transferred from 500 to 300 F. Transferred from 30° to 50°F. 
Nov. 21 Dec. 15 Jan. 17 Nov. 21 Dec. 15 Jan. 17 
- -
--------
------
------- -
~ ~ ~ ..; ~ ..; ~ ..; ~ ..; ~ ..: .c .<: .c .<: .c 
.S C;. .S C;. . .S C;. .S C;. .S C;. .S C;. 
'3~ u~ '3 ~ u~ :;:: ci. u~ ;;: ci. u~ :;:: ci. u~ :!: ci. u!' "'~ "'~ £B "'~ " a "'~ ~j "'~ " s "'~ ~" ~~ ~~ ~~ ~~ ~~ ~~ ~~ ~" ~~ I"<~ I"<~ 
----- -
--- --
--- - --- - - - - - - ----
0 50 11 .35 50 9.50 50 7.22 30 3.64 30 3.00 30 3.06 
2 46 8.93 46 8.94 46 7.15 34 3.70 34 3.14 35 3.22 
6 40 6.67 40 7.22 40 5.86 38 5.16 40 3.46 40 3.38 
12 36 5.51 36 5 . 53 36 4.71 42 6.46 42 4.50 43 5.91 
24 35 4 . 35 34 4.47 34 3.62 46 10.78 46 6.33 46 6.97 
48 32 3.51 31. 5 3.39 32 3.47 49 12.60 48 8.07 48 7.44 
60 30 3.51 30 3.25 30 3.15 50 12.84 50 8.15 50 8.00 
to reach 50 0 • Temperatuee of the fruit was readily determined 
by placing a thermometer into an apple within each respiration 
. chamber. 
Three respiration determinations were made at intervals of 
one week. At the end of the third week the respiration cham-
bers were interchanged. Jar 1 was transferred from 50 0 to 
30 0 and jar 2 from 30 0 to 50 0 • Again the fruit was allowed to 
reach the given temperatures before three more determinations 
at intervals of one week were made. Such a transfer was made 
three times during the season and the experiment repeated dur-
f---+--- -+----t-- == App,'<tS H~,'d Conti~uously ~: ~g:~ _ 
_ ._ • .Jorl.AJternated from 50:30: SO: 30°F. 
....... _,- ~ ... \ - - -- -- Jor2. " "30~50·.30~50T. 3 15r---+--~-+----t---r---'----r---'---r--~ 
o \ 
I 
°O=--~2~O=--~4~O~-~G~O=--~8~O~-~I~O~O~-~12~O=--~14~O--~IG~O~~18~O 
Days in Storoge 
Fig. 2. The effect of alternate temperatures 
Grimes Golden apples. 
on the r espiration rate of 
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ing the two seasons of 1928-29 and 1929-30 with practically the 
same results. The results are shown graphically in fig. 2. Re-
gardless of the previous stimulatory effect upon the fruit sub-
jected to a higher temperature, when returned to 30° the res-
piration rate was reduced to a minimum, and each time approxi-
mately the same minimum respiration rate was reached. Con-
versely, each time the fruit was replaced at 50°, the higher 
temperature increased the respiration rate. At 50°, however, 
the rate of respiration is more dependent upon respiratory re-
serves as well as temperature. A general lowering of respira-
tion was observed as the season advanced. Therefore, at the 
higher temperature, the stage of development or maturity of 
the fruit expressed itself in its effect on the respiration 
rate. This condition has been previously emphasized by the 
author (18). 
The controlling influence of temperature upon the respiratory 
activity of Grimes Golden is shown in fig. 2. Whenever the 
fruit temperature was 30° F. the respiration rate was at a mini-
mum. The respiration rate was increased whenever the fruit 
was at the higher temperature of 50° F. The evolution of car-
bon dioxide of Grimes held continuously at 50° and 30° F, is 
shown. Samples of fruit held at 30° F. and 50° F. maintained 
independent rates of respiration; but when the fruit at 50° F. 
was shifted to a temperature of 30°, and vice versa, both sam-
ples of fruit then assumed approximately the respiratory in-
tensity prevailing at the temperature to ~which they were sub-
mitted. 
RESPIR.A:TORY ACTIVITY OF APPLES AT INTERVALS 
DURING CHANGES OF TEMPERATURE 
Apparatus and conditions in general were admirably suited 
to measure the respiration rate of the fruit at intervals during 
the period of jts adaptation to the alternate temperatures. 
Flow-meters accurately governed the velocity and volume of 
aspiration and thus maintained the same rate of aspiration after 
the exchange of respiration chambers to the respective tem-
peratures. This exchange of respiration chambers was accom-
plished within 2 minutes' time. Precautions were made to pre-
vent contact with air laden with carbon dioxide; therefore the 
only excess accumulation of carbon dioxide was that accumu-
lated during the short 2-minute interval of transfer. Two hours 
elapsed before the first determinations were made, to reduce 
to a minimum any excess carbon dioxide that might have ac-
cumulated during the transfer. 
Table 1 shows the intervals at which the determinations were 
made, and the amounts of carbon dioxide evolved at the specific 
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fruit temperatures. The respiration jars were interchanged 
t hree t imes during the season: Nov. 21, Dec. 15 and Jan. 17. 
The fruit was the same as that used in the experiment of "Al-
ternating Temperatures," and the dates just listed are periods 
when t he respiration chambers 'were alternated from 50° to 
30° F . represented in fig. 2 by sections A, Band C, and from 
30° to 50° F. represented by sections D, E and 1T. The lines let-
tered A to F in fig. 3 refer to the sections of the corresponding 
letters in fig . 2. F igure 3 shows that the production of carbon 
dioxide was closely related to temperature of the fruit. The 
rate of carbon dioxide production diminished gradually as the 
temperature of the fruit lowered, as shown by curves A, Band 
C, and likewise increased with the temperature when the change 
was made from 30° to 50° as shown by curves D, E and F (fig. 
3) . The rate, however, was neither stimulated nor depressed 
further (after the fruit samples had reached temperature equi-
libriums of 50° and 30° F.) than the respiration rate of fruit 
held constantly at the two temperatures. 
The amount of respiratory material available was evidently 
greater when the fruit temperature reached 50° , and this prob-
ably accounts for the differences in the amounts of carbon diox-
ide'as shown by curves D, E and F. However, the general trend 
of respiratory activity shown by the latter curves was consis-
tent. The amount of carbon dioxide evolved was thus de-
pendent not only upon the fruit temperature but a,lso to some 
/4 1 I I 1 
- Jo r I. Tronsfu from 50 to 30'F = Jo., Z T,o~sf<r fr~m ~·t~~; ... 
---
" 
.. .. .. 
/2 - --- " .. .. .. .. - -- .. ''1 
to 
:J 
0 10 I 
<:To 
~ 
to 
., e C>.. 
0 
IJ 
ci-
'" L 
4 
\ / I 
"\ " 
"' .. 
/ 
I 
--
--- " ~ " V ' ....... <' V~ I " <9 Q, 
" ~/' V~~' '~ , / ' '. ' j, ~ , .. 
~ r-'- .-/ 
Z 
50 4<0 42 38 34 30 34 38 42 4<0 50 
Dltcrtz.osing Tcz:mpcz:rature IncrctQsing T<ln1pczratvre 
FrUit TQ:mp<zratunz In D<zar<z<z'5 F"hrqnhq; · 
Fig. 3. The respiration rate of fruit a t interva ls during its change of 
temperature. 
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extent upon the age of the fruit which affected the amount of 
respiratory material. 
EFFECT OF MATURITY ON RESPIRATION 
In the early fall of 1928 respiration studies commenced three 
weeks previous to the time when Grimes were picked for com-
mercial purposes. Measurements made on three different sam-
ples of Grimes Golden picked at periods one week apart indi-
cated the respiration rate accompanying the development of 
the fruit and gave a more complete story of the fruit's meta-
bolic activity. These pre-commercially picked apples were 
placed under aspiration at 50° F. for 60 hours before determi-
nations were commenced. 
Data in table 2 show that there was a gradual increase in 
carbon dioxide production with the fruit development. It will 
be shown later in table 6 and fig. 4, curve 2, that this increase 
continued for a time with commercially picked apples stored at 
a uniform temperature of 50° F. After a maximum respiration 
rate is reached, a period of rapid descent follows, which grad-
ually decreases as the season advances. 
TABLE 2. RATE OF RESPIRATION OF PRE-COMMERCIALLY AND COMMERCIAL-
LY PICKED GRIMES FRUIT AT A STORAGE TEMPERATURE OF 50 F . 
Date of Number of Wt. of fruit Mg. CO, per 
determination apples in grams Kg. hr. 
Pre-commercial picking 
Lot 1 
Sept. 9 72 8,791 9.59 
Sept. 10 72 8,791 9.08 
Lot 2 
Sept. 16 70 . 8,672 10.19 
Sept. 17 70 8,672 10.23 
Lot 3 
Sept. 21 70 8,959 12.29 
Sept. 22 70 8,959 12 .08 
Commercial picking 
Lot 4 
Sept. 26 64 8,846 14.38 
Sept. 27 64 8,846 14.38 
RESPIRATION EXPERIMENTS WITH GRIMES IN STORAGE 
DURING SEASON OF 1928-29 
Pressure tests to determine maturity were made, but common 
commercial practices governed the date of commercial picking. 
Fruit for this investigation was obtained during the commercial 
harvest which started a few days previous to Sept. 25. With the 
exception of the one jar of apples held at 60° F. by means of a 
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TABLE 3. TREATMENTS TO WHICH THE SIX LOTS OF GRIMES GOLDEN AP-
PLES OF THE COMMERCIAL PICKING WERE SUBJECTED. 1928-29. 
Jar no. Storage Treatment Number of Weight of 
temp. F. apples fruitingms . 
Immediate storage, water bath control of 
1 60 temperature 60 7,850 
2 50 Immediate s torage, cold storage 64 8,846 
3 36 Immediat,e storage, co1d storage 65 8,756 
3 weeks delayed at 5QoF. before storage at 
4 36 36°F. 68 8,860 
5 30 Immediate storage, cold s torage 70 8,659 
3 weeks delayed at 50°F. before storage at 
6 30 30°F. 65 8,608 
water bath, the storage temperatures selected for the respira-
tion studies were 50°, 36 ° and 30° F . (Table 3.) One lot was 
placed immediately in each of the above four temperatures. 
Two lots were held at 50° F. for 3 weeks, and then one of them 
was placed in cold storage at 30° and the other at 36 ° F. Res-
piration determinations were made on all six lots of apples at 
weekly intervals throughQ,ut the storage season. 
l" igul'e 4 indicates that the respiratory rate of apples placed 
at 60° followed a curve similar in form to that of the fruit at 
50° F. The maximum respiration rate of apples stored at 60° F., 
however, was reached about 3 weeks from the time of storage, 
L 
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,I I , ---.. j \ I - ---- ,,-
" , 2-:~ I 
'''' 
~ 
-Y-":-- -~ 
~ 
~ ,- -~)I," --
-\.-- - .....--r--'V· -~~" -_ ... -
--' .... _-- --' ~} 
o 20 40 Go 80 100 120 140 IGO 180 
Doys in storcglZ 
Fig. 4. Evolution of ca rbon dioxide from Grimes Golden 
various controlled temperatures. Storage season 1928-29. 
apples under 
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as compared with 4 to 5 weeks for the fruit stored at 50° F. 
Differences in storage temperatures created differences in ma-
turity, which caused a variation in the amount of carbon diox-
ide evolved; consequently the quantity of CO2 given off must 
also be considered from the standpoint of maturity as well as 
temperature. 
, Vhen fruit is held in the orchard, packing shed or warehousc 
for days or weeks before being placed under storage tempera-
tures, it may be transferred at a time of high respiratory ac-
tivity to a temperature which, in 21/2 days, cuts the rate of 
respiration to a minimum. Maximum soggy breakdown was 
observed by Plagge (46) when apples were delayed for 3 to 5 
weeks at 50° F . and then transferred to 30° or 32° F. This 
breakdown was reduced to a minimum when the transfer was 
made to 36° F. 
Apples which furnished the data shown in fig. 4 were samples 
obtained from the same lots used in studies reported by Plagge 
(46). It is shown in fig. 4 that the above transfer came at the 
peak of respiration. When Grimes were transferred during 
the period of their highest respiratory activity after 2 to 5 
weeks' delay at 50° to 30° or 32° F., soggy breakdown resulted. 
,Vhen they were transferred later, or during a period of lower 
respiration, after 6 to 12 weeks' delay, no soggy breakdown was 
observed. Apples retained throughout storage at 50° F., which 
is more nearly the temperature of common storage houses in 
Iowa (during the first six weeks of storage) developed no soggy 
breakdown. Soggy breakdown appeared when the transfer oc-
curred during high respiratory activity but did not develop 
when the transfer was made later during lower respiratory in-
tensity. 
The respiration rate of Grimes apples stored immediately at 
30° and at 36 ° was more constant than that of the fruit delayed 
at 50° F. for 3 weeks before being placed at the lower tempera-
tures. As the storage season advanced, there was a gradual in-
crease in the respiration rate in the apples placed in storage 
temperatures of 30° or 36° F. In the delayed fruit there was 
an abrupt, although slight, rise in the rate of respiration some 
70 days after picking. This increased rate continued for about 
3 weeks. It was shortly after this abrupt increase in respira-
tion that soggy breakdown was first observed within the res-
piration chambers. 
On Jan. 25, after the apples had been in storage about 4 
months, fruit in the respiration jars was examined for break-
down with the results shown in table 4. Other collateral stor-
age lots (46) showed the following percentages of soggy break-
down: 3 weeks delayed storage at 50° before storage at 30° F., 
60.3 percent; 3 weeks delayed storage at 50° before storage at 
36° F., 8.7 percent. 
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TABLE 4. CONDITION OF GRIMES APPLES IN THE RESPIRATION 
CHAMBERS ON JAN. 25, 1929. 
Jar no. Storage Treatment Condition of the fruit 
temp. F. 
Immediate storage, water bath Respiriation determinations 
1 60 control of temperatures tended until fruit had spoiled 
Immediate storage, Respiration determinations 
2 50 cold storage tended until fruit had spoiled 
3 36 
Immediate storage, 
cold storage Fruit sound 
3 weeks delayed at 50 F. before 28 percent soggy 
4 36 storage at 36°F. breakdown 
5 30 Immediate storage, cold storage Fruit sound 
3 weeks delayed at 50°F. before 82 percent soggy 
6 30 storage at 30°F. breakdown 
RESPIRA'TION EXPERIMENTS WITH GRIMES IN STORAGE 
DURING SEASON OF 1929-30 
ex-
ex-
Grimes Golden apples for the respiration and storage inves-
tigations for 1929-30 were again obtained from the Apple Grove 
and Cyrus Harvey orchards, Mitchellville, Iowa. The fruit was 
taken from the same trees from which the apples were obtained 
for the experiments of 1928-29. In addition to the two previous 
applications of nitrate fertilizer (nitrate 5-5) the soil received 
a double application of 10 pounds of nitrate of soda (nitrate 
5-5-10) per tree in the spring of 1929. 
The date of commercial picking for 1929 was practically the 
same as that of the previous year. Again the apples for the res-
piration investigations 'were under storage temperatures and 
under aspiration within 12 hours from the time of picking. The 
storage temperatures were similar to those used in 1928-29, with 
one exception, which was the lot subjected to 60° F. The treat-
ments to which the 10 lots were subjected are shown in table 5. 
RELATION OF RESPIRATION TO TEMPERATURE, STORAGE 
CONDITIONS AND SOIL FERTILIZATION WITH NITRATES 
Grimes from both the nitrate-treated trees and the check lots 
were immediately placed in storage temperatures of 50°, 36° 
and 30° F. Comparable lots of apples were retained at 50° F. 
for 3 weeks before being placed at the subsequent lower tem-
peratures of 36° and 30° F. Respiration determinations were 
made at weekly or at 10-day intervals throughout the storage 
season on both the immediately stored fruit and the delayed 
lots. The respiration rate of Grimes stored continuously at 
50° F'. is shown in table 6 and fig. 5. The rate of respiration 
agreed closely with that of fruit. of the previous storage year, 
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TABLE 5. TREATMENTS TO WHICH THE TEN LOTS OF APPLES OF THE COM-
MERCIAL P ICKING WERE SUBJECTED. 1929-30. 
Jar no. Storage Treatment Number Weight of 
temp. F. of apples fruitingms. 
Immediate storage, cold storage. High ni-
l 50 trogen (nitrate 5-5-10) 72 7,800 
Immediate storage, cold f'torage. Check 
2 50 (No ni trogenous fertilizer) 70 8,210 
Immediate storage, cold storage. High ni-
3 36 trogen (nitrate 5-5-10) 74 8,052 
Immediate storage, cold storage. Check 
4 36 (No nitrogenous fertilizer) 65 8,218 
3 weeks delayed at 50°. before storage at 
5 36 36°. High nitrogen (nitrate 5-5-10) 53 7,991 
3 weeks d elayed at 50°. before storage at 
6 36 36°. Check (No nitrogen) 76 8,357 
Immediate storage, cold storage 30°. High 
7 30 nitrogen (nitrate 5-5-10) 62 8,145 
-----
Immediate storage, cold storage 30°. Check 
R 30 (No nitrogenous fertilizer) 72 7,815 
3 weeks delayed at 50° before storage at 
\) 30 30°. High nitrogen (nitrate 5-5-10) 74 8,127 
-----_. 
I 
3 weeks delayed at 50° before storage at 
10 30 30°. Check (No ni trogen) 82 8.326 
and it is observable that the curve may be sub-divided as indi-
cated into four distinct stages. 
25r---.------.-----,------.-----.------.-----.-1-----1.-----. r----+------1-----~r-----~------+----- I. IHigh Nitrog~n-50:F -----
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Fig. 5. Relation of the 
fertilization with nitra te. 
Season 1929-30. 
Days in 5torag<L 
respiration rate of immediate ly-stored fruit to soil 
Stages I, II, III and IV of respiratory intensity. 
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TABLE 6. THE RATE OF RESPIRATION OF GRIMES GOLDEN APPLES WHEN 
STORED IMMEDIATELY AT 50° AND 60°F. RESULTS FOR 
SEASONS 1928-29 AND 1929-30.* 
Mg. CO, per kg. per br. 
Date of 1928-29 1929-30 
determina- Days in 
tion storage Nitrate 5-5 Nitrate 5-5-10 Cbeck 
60°F. 50°F. .5Q°F. 5Q°F. 
Sept. 26 1 14 .38 
Sept. 28 3 19.18 13 .63 
Sept. 29 4 16.05 15.53 
Sept. 30 5 19.25 14.08 
Oct. 1 6 14.51 15.90 15.35 
Oct. 2 7 20.70 
Oct. 3 8 21.22 
Oct. 5 10 22.55 16.94 15.50 14.10 
Oct. 8 13 21. 70 17.41 
Oct. 9 14 22.00 17.40 15.30 14 . 20 
Oct. 11 16 15.70 14.55 
Oct. 15 20 20.80 14.55 
Oct. 16 21 18.10 
Oct. 18 23 15.65 14.60 
Oct. 22 27 18.58 
Oct. 23 28 16.82 
Oct. 25 30 16 . 10 15.40 
Oct. 29 34 16.30 
Oct. 30 35 13.29 
Nov. 1 37 13.95 12.30 
Nov. 2 38 13.65 12.10 
Nov. 5 41 14.92 
Nov. 6 42 13.06 
Nov. 8 44 11.65 11 . 30 
Nov. 12 48 14 .47 
Nov. 13 49 13 . 04 
Nov. 15 51 11.60 11.10 
Nov. 19 5.5 14 . 36 
Nov. 20 56 12.94 
Nov. 22 58 9 .89 10.20 
Nov. 26 62 13.77 
Nov. 27 63 11.79 
Nov. 29 65 10.00 
Dec. 3 69 16.81 
Dec. 4 70 10 . 64 
Dec. 7 73 9.89 
Dec. 10 76 17.6(') 
Dec. 11 77 11.55 
Dec. 13 79 8.41 
Dec. 14 80 9.04 
Dec. 17 83 17.26 
Dec. 18 84 13 . 43 
Dec. 20 86 8.15 
Dec. 21 87 8.02 
Dec. 25 91 13.35 
Dec. 28 94 7.72 7.52 
Jan. 5 102 8.48 7.87 
Jan. 10 107 8.82 8.63 
Jan. 20 117 9.50 8.52 
*Apples picked Sept. 25 in 1928; Sept. 26 in 1929. 
STORAGE TEMPERATURES AND RESPIRATORY INTENS!'l'Y 
Immediately-stored fruit at 36 ° and 30° F. respired at a very 
constant rate throughout storage, the rate being closely related 
to storage temperature. The respiration rate of Grimes in 
storage for the seasons of 1928-29 and 1929-30 is shown in tahl€ 
8. Such factors as soil fertilization with sodium nitrate, condi-
tions of immediate and deferred storage and the variation of 
fruit. from one year to the other affected the r espiration rate 
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at 30° or 36° F. very slightly. Temperature was the controlling 
factor. At higher temperatures other factors , such as maturity 
of the fruit and soil nutrient condition, in addition to the tem-
perature factor, affected the respiration rate. 
PERIODS OF RESPIRATORY ACTIVITY IN APPLES 
A comparison of' the respiration rate of Grimes stored at 
50° F. for the two storage seasons of 1928-29 and 1929-30 shows 
u\at the apples entered storage in 1929 in a slightly more ad-
vanced stage of maturity as indicated by a slightly higher res-
piration Tate. Data in table 6 shows that the peak .of respira-
tion in both seasons was reached within nearly the same length 
of time, 4 to 5 weeks after entering storage. By comparing 
figs. 4 and 5 it will be seen that the general trend of the curves 
for the 2 years is very similar, and in both cases the respiratory 
activity may be subdivided into 4 stages, as indicated pre-
viously. 
Stage I. PC1'iod of accelerated ascent. Under a uniformly 
maintained temperature the rate of ascent and the height 
of respiration attained undoubtedly depended upon the 
amount of available respiratory reserves. This probably 
would be influenced by picking maturity. 
Stage II. Period of rapid descent. From the peak finally at-
tained the rate of respiration fell off suddenly. This stage 
is of short duration and extends through a period of about 
2 to 3 weeks. The rapid decline was probably due to loss 
of certain available respiratory materials through respira-
tion in Stage I. 
Stage III. Pe1'iod of grad1wl descent. The respiration rate in 
this stage was less rapid than in Stage II and extended over 
a period of approximately 6 weeks. This stage may be re-
ferred to as the period of stability _ in the respiratory 
process. 
Stage IV. P eriod of senescence. The senescent period gives 
rise to an increased respiration rate. This was expected 
since complications arose as evidenced by the appearance 
of mealy breakdown, scald and apple mold. . 
Inasmuch as this curve may be divided into four distinct 
stages, there is indicated a depletion or exhaustion of specific 
respiratory materials. Chemical analyses have been conducted 
with comparable lots of apples which may help to explain the 
changes in respiratory material represented by the different 
stages.3 
EFFEC'l' OF NI'l'RA'l'E FERTILIZERS ON RESPIRATION 
Grimes Golden from trees having previously received appli-
, The results of these analyses have recentl y been published. Iowa State 
College Jour. of Sci. 9 :95-114. 1934. 
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cations of nitrate fertilizers respired consistently more than did 
the check lots at a temperature of 50° F. At 36° and 30° F., 
temperature was the controlling factor, and previous environ-
mental conditions did not express themselves in respiratory 
activity. 
Figure 5 shows the rate of respiration from nitrated and 
check lots of apples stored immediately after picking, in stor-
age temperatures of 50°, 36° and 30° F . Curve 1 was quite con-
sistently higher than curve 2, especially during stages I, II and 
IV. As may be noted later, in the second part of this investiga-
tion (fig. 10), catalase activity at 50° F. was greater with ni-
trate-treated fruit than with check treatment lots. 
DEFERRED STORAGE AND RESPIRA'l'ION IN APPLES 
Apples comparable to those used for immediate storage inves-
tigations were used in the respiration studies on deferred stor-
age. Grimes were delayed at 50° F. for 3 weeks before being 
placed in the respective lower temperatures of 36° and 30° F. 
Although the transfer from 50° to 36° or 30° F. did not occur 
at the very peak of respiration, it did come during the stage of 
accelerated ascent (stage I) while the apples were respiring at 
a high rate, as shown in fig. 6. 
It has been pointed out that there was a consistent difference 
in respiratory activity between nitrated and check lots at 
50° F. After transfer from 50° to 36° or 30° F. there was no 
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appreciable difference in respiratory activity between nitrated 
and check lots of apples. This substantiates the conclusions 
drawn in the case of immediately-stored fruit, that at tem-
peratures of 36° or 30° F . factors other than temperature exert 
little influence upon the respiration rate. The data in tables 7 
and 8 show how closely the respiration rates of fruit at 36° and 
30° F. compare, whether the fruit was stored immediately or 
delayed, or whether the fruit was from nitrate-treated trees or 
from check lots. 
THE RELATION OF RESPIRATORY ACTIVITY TO 
SOGGY BREAKDOWN 
On March 22, 6 months after storing, apples in the respira-
tion chambers were examined. Data in table 9 show the condi-
tion of the fruit at the end of the storage season. The percen-
tage of shrinkage-with one exception-was below 2 percent 
(table 9). The two cases wherein the greatest shrinkage was 
fauna 'were with the fruit delayed at 50° for 3 weeks before 
storage at 36° F. 
No soggy breakdown occurred when the fruit was stored im-
mediately, but it developed when the apples had been trans-
ferred from 50°, or from a state of high respiratory activity, to 
30° F. wherein the respiration rate was low. Collateral storage 
lots of fruit for 1929-30 confirmed these findings in the case of 
deferred storage and showed the following percentages of 
soggy breakdown: 3 weeks deferred storage at 50° before stor-
age at 30° F. high nitrogen (nitrate 5-5-10) 43.7 percent; check 
lot 11.1 percent. No soggy breakdown developed in deferred 
storage fruit at 36° F. in either nitrated or check lots. 
A comparison of these data with those of the fruit's condi-. 
tion at the end of the 1928-29 storage season (table 4) shows 
less soggy breakdown for 1929-30. In both seasons, soggy 
breakdown occurred only when fruit had been transferred from 
the higher temperature while respiratory activity was high to 
a lower temperature, under which condition the respiration 
rate was sharply reduced. 
DISCUSSION 
In respiration investigations extending throughout the two 
storage seasons of 1928-29 and 1929-30 three separate series of 
apples were used. These were subjected to various tempera-
tures and storage conditions, and the rate of carbon dioxide 
evolution at weekly or 10-day intervals throughout the entire 
time the fruit was in storage, was used as a measure of respira-
tory activity. 
That temperature is the controlling factor and exerts the 
TABLE 7. THE RATE OF RESPIRATION OF GRIMES GOLDEN APPLES WHEN 
STORED AT 36°F. RESULTS FOR SEASONS 1928-29 AND 1929-30.* 
Mg. CO, per kg. per br. 
Date 1928-29 1929-30 1929-30 
of Days 
deter- III Nitrate 5-5 Nitrate 5-5-10 Check 
mina- storage 
tion Immedia te Deferred Immediate l Deferred Immediate Deferred 
storage storage storage storage storage storage 
---
-----
Sept. 28 3 5.87 
Sept. 29 4 7.22 
Sept. 30 5 5.97 6.46 
Oct. 1 6 5.45 
Oct. 5 10 5.80 7.20 
Oct. 8 13 6.83 
Oct. 11 16 5.83 
Oct. 12 17 6.08 
Oct. 13 18 6.13 
Oct. 15 20 6.85 6.13 
Oct. 16 21 17.85 16.60 
Oct. 18 23 14.98 14.30 
Oct . 19 24 5.20 7.58 
Oct. 21 26 4.95 
Oct. 22 27 5.44 
Oct. 24 29 6.76 
Oct. 26 31 6.39 
Oct. 27 32 6.02 
Oct. 28 33 5.86 
Oct. 29 34 5.32 
Oct. 31 36 6.13 
Nov. 1 37 6.02 
Nov. 2 38 6.19 5.91 
Nov. 5 41 4.47 
Nov. 8 44 6.09 
Nov. 9 45 5.20 
Nov. 12 48 6.22 
Nov. 13 49 6.02 
Nov. 15 51 5.75 
Nov. 16 52 5.48 5.97 
Nov. 19 55 5.77 
Nov. 23 59 5.48 6.38 
Nov. 26 62 5.77 
Nov. 29 65 6.29 
Nov. 30 66 5.26 6.24 
Dec. 2 68 5.92 
Dec. 3 69 5.62 
Dec . 7 73 6.22 
Dec. 10 76 5.60 6.30 
Dec. 12 78 6.18 
Dec. 14 80 6.23 6.46 5.86 
Dec. 17 83 6.00 
Dec. 20 86 5.79 
Dec. 21 87 6.32 
Dec. 24 90 5.97 6.08 
Dec. 26 92 6.17 
Dec. 28 94 5.24 6.41 
Dec. 31 97 6.72 
J an. 1 98 5.75 
Jan. 4 101 5.24 6.52 
Jan. 7 104 7.42 
Jan. 8 ' 105 6.32 6.13 
Jan. 11 108 5.38 
Jan. 14 III 7.41 6.30 6.28 
Jan. 18 115 5.56 6.30 6.55 
Jan. 22 119 6.92 
J an. 24 121 6.52 
Jan. 25 122 6.94 5.77 
Jan. 26 123 6.13 5.92 
Feb. 1 129 6.52 
Feb. 2 130 7.57 
Feb. 3 131 5.91 
Feb. 5 133 5.75 
Feb. 10 138 7.17 
Feb. 13 HI 7 .63 
Feb. 14 142 6 . 06 5.96 
Feb. 20 148 6.46 
Feb. 23 151 6.55 
Feb. 24 152 5.64 5.38 
Mcb.17 173 5.86 
Mcb.18 174 5.48 
Mcb.20 176 5.23 
Mcb . 21 177 5 . 07 
*Apple8 picked Sept. 25 in 1928. Sept. 26 in 1929. 
TABLE 8. THE RATE OF RESPIRATION OF GRIMES GOLDEN APPLES WHEN 
STORED AT 30°F. RESULTS FOR SEASONS 1928-29 AND 1929-30.* 
Mg. CO, por kg. per br. 
Date 1928-29 1929-30 1929-30 
of Days 
deter- m Nitrate 5-5 Nitrate 5-5-10 Check 
mina- storage 
tion Immediatel Deferred Immedia te Deferred Immediate Deferred 
storage ~torage storage ~torage storage storage 
Sept. 28 3 3.27 
Sept. 29 4 4.35 
Sept. 30 5 5.00 
Oct. 1 6 3.31 
Oct. 2 7 4.02 
Oct. 5 10 4.68 
Oct. 8 13 3.65 
Oct. 11 16 4.35 
Oct. 12 17 4.03 
Oct. 13 18 4.22 
Oct. 15 20 3.62 
Oct. 19 24 4.77 4.18 
Oct. 21 26 4.18 
Oct. 22 27 3.62 
Oct. 24 29 3.82 
Oct. 26 31 3.29 4.08 
Oct. 27 32 3.70 
Oct. 28 33 3.65 
Oct. 29 34 3.62 
Oct. 31 36 4.24 
Nov. 1 37 4.52 
Nov. 2 38 3. 16 3.65 
Nov. 5 41 3.11 
Nov. 9 45 3 61 3.67 
Nov. 13 49 3.16 3.49 
Nov. 15 51 3.96 
Nov. 16 52 3.45 3.71 
Nov. 19 55 3.66 
Nov. 23 59 3.30 3.77 
Nov. 24 60 3.43 
Nov. 26 62 3.50 
Nov. 29 65 4.07 
Nov. 30 66 3.45 3.76 
Dec. 2 68 3.24 
Dec. 3 69 3.01 
Dec. 7 73 4.14 
Dec. 10 76 3.16 3.43 
Dec. 12 78 4.16 
Dec. 14 80 3.92 3.22 
Dec. 17 83 3.01 
Dec. 20 86 3.09 
Dec. 21 87 4.19 3.38 
Dec. 24 90 3.01 3.70 
Dec. 26 92 4.02 
Dec. 28 94 3.30 3.38 
Dec. 31 97 4.37 
Jan. 1 98 3.03 
Jan. 4 101 3.30 3.57 
Jan. 7 104 4.17 
Jan. 8 105 3.38 4.10 
J an. 11 108 3.48 
Jan. 14 111 4.17 3 .54 3 . 19 
Jan. 18 115 3.60 3.33 4.13 
Jan. 21 118 4.87 
Jan. 24 121 4.03 
Jan. 25 122 2.55 4.16 
Jan. 26 123 3.60 3.09 
Feh. 1 129 4.14 
Feb. 2 130 3.54 4.18 
Feb. 5 133 3.30 
Feb. 10 138 4.08 
Feb. 13 141 3.82 4.47 
Feb. 14. 142 3.30 
Feb. 20 148 4.19 
Feb. 23 151 4.41 
Feb. 24 152 3.65 
Mcb.10 166 3.19 
Mch.16 172 4.19 
Mch.18 174 4.02 
Mch.20 176 3.52 2.98 
Mch.2f 177 2.98 
*AppleB picked Sept. 25 in 1928; Sept. 26 in 1929. 
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TABLE 9. PERCENTAGE OF SHRINKAGE AND OF SOGGY BREAKDOWN OF THE 
FRUIT AT THE END OF THE STORAGE SEASON. 
1929-30 
Storage : Field i I Condition of fruit 
treatment Original Perccnt-
Lot -------- Storage Number weight age ------
no. temp. F . of in shrink- Percent- Percent-
Im- De- High apples grams age age age of 
medi- lay- nitro- Check sound soggy 
ate ed gen break-
down 
----------------
--
---
---
---
I X X .50 72 7 . 800 
2 X X 50 70 8 . 210 
3 X X 36 74 8.052 1. 70 97 none 
4 X X 36 65 8.218 1.49 100 none 
5 X X 36 53 7.991 I. 75 100 none 
6 X X 36 76 8.357 2.10 97 none 
7 X X 30 62 8 . 145 1.03 
I 
95 none 
8 X X 30 72 7.815 0.79 100 none 
9 X X 30 74 8.127 1. 31 35 65 
10 X X 30 82 8.326 1.19 42 58 
great0st influence on respiratory intensity is demonstrated by 
the preliminary investigations in which apples were subjected 
to altel'nating temperatures. Transfers from one temperature 
to the other were made three times during the season and the 
experiment which was repeated during the second year gave 
almost identical results. When the fruit was placed at 30° F. 
the respiration rate was reduced to a minimum and, each time 
the interchange was made from 30 to 50° and vice versa, ap-
proximately the same increased or reduced respiration rate 
was reached, depending on the temperature. It should be ob-
served, however, that at the higher temperature the rate of 
respiration also appears to be influenced by respiratory re-
serves, and a general lowering of respiration is observed as the 
season advances. In other words, the stage of development or 
the maturity of thc fruit expresses itself and affects the res-
pimtion rate. 
Respiratory intensity as affected by soil nitrate, fertilization, 
time of picking, time of storing and storage temperatures was 
determined. Special attention was given to ascertain the role 
of respiration in the development <1f storage disorders of apples, 
with particular reference to the disorder known as soggy break-
down. That delayed storage materially increases the suscepti-
bility of Grimes to soggy breakdown was established by 
Plagge and Maney (45). In a subsequent investigation Plagge 
(46) found an anomalQus situation, in that soggy breakdown oc-
curred when the fruit was delayed for 1 to 4 weeks before 
storage at the lower temperatures while if the delay was longer, 
from 6 to 12 weeks, soggy breakdown did not occur. The ques-
tion arises, "Why does soggy breakdown occur under certain 
conditions of deferred storage and not when those conditions 
are aggravated?" Evidently the percentage of soggy break-
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down is not to be correlated with the extent of the delay. Then, 
again; practically no soggy breakdown OCCUl'S when the fruit is 
held continuously at 50°, 30° or 36° F., which shows that it is 
not the result of either high temperatures or low temperatnres 
alone. 
The role which respiration plays in connection with the de-
velopment of soggy breakdown advances in part an explana-
tion as to the underlying cause and physiological condition 
which brings about disturbances in storage apples. When 
fruit was delayed at the higher temperature of 50° F. before 
transference to the lower cold storage temperatures of 30° Or 
36° F., it was transferred at a high rate of respiration to a con-
dition which reduced respiratory activity to a minimum. Soggy 
breakdown developed when the transfer was made to lower 
temperatures while the apples were respiring at a high rate 
after 2 to 5 weeks' delay at 50° F. When the apples had passed 
the period of high respiratory activity, or during the period of 
lower activity (after 6 to 12 weeks' delay), the apples were 
transferred to the lower temperatures and soggy breakdown 
did not develop (stage III, fig. 5). Soggy breakdown occurred 
when Grimes were transferred during their period of greatest 
respiratory intensity, and, as has been emphasized, the highest 
percentage of breakdown occurred when the transfer was made 
at the peak of respiration-indicating that the greater the inhi-
bition of respiration, the greater is the disturbance within the 
tissue of the apple as manifested by soggy breakdown. 
In comparing respiratory intensity of Grimes stored at 50° F. 
for the seasons of 1928-29 and 1929-30 (table 6), the slightly 
higher respiration rate for the latter season may be attributed 
to a slightly more advanced stage of maturity or to the addi-
tional application of 10 pounds of nitrate fertilizer. The gen-
eral trend of the curves for the 2 years is very similar (figs. 4, 
5 and 6) and the form of the curve may be divided into four dis-
tinct stages or periods (fig. 5). 
The keeping quality of Grimes, in relation to the effect of 
nitrogen treatment, was determined by measuring the respira-
tory intensity of apples from trees receiving nitrogenous fertil-
izers, and from trees having received no treatment. At 50° F. 
apples from the high nitrogen treatment respired consistently 
more than did check lots of apples. At 36° and 30° F., tem-
perature was the controlling factor and previous nutrient or en-
vironmental conditions scarcely expressed themselves. Even 
in the case of deferred storage fruit, after being placed in the 
lower temperatures, there was no appreciable difference in the 
respiratory activity between nitrated and check lots. At 30° 
or 36° F., extraneous factors showed little effect and the res-
piration rate was very constant and fairly low whether the fruit 
was stored immediately or deferred, or whether the fruit was 
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from nitrate treated trees or from check lots (tables 7 and 8, 
figs. 5 and 6). Results of this investigation and collateral data 
from other experiments show a higher percentage of soggy 
breakdown in deferred storage fruit from the high nitrogen 
treatment than from the check lots of apples. 
SUMMARY-PART II 
1. In the cases of deferred storage fruit held at 30° and 
36° F., and of immediately stored fruit held continuously at 
50° F. , catalase activity was greater at 30° F. than at the other 
two temperatur es. 
2. Respiratory intensity and catalase activity were not con-
sistently correlated. At 50° F. catalase activity appeared to be 
associated with respiration, whereas at storage temperatures of 
30° F. and 36° F. no parallelism occurred. 
3. Grimes apples from nitrate-treated trees had greater 
catalase activity than similar fruit from untreated trees. 
4. Catalase activity appears to be an indication of physio-
logical conditions and disturbances within the tissue of the ap-
ple in storage. Under cold storage conditions, increase in cata-
lase activity is a fairly accurate index to the approach of soggy 
breakdown. 
5. Oxidase and catalase activity were independent of each 
other, and oxidase "vas not found to be significant as an indi-
cator in denoting the development of soggy breakdown. 
Part II. Catalase and Oxidase Activity 
Only the literature on oxidase and catalase activity pertinent 
to the data presented here will be considered. The general 
topic has been thoroughly reviewed by H einicke (23), Rhine 
(48), Ezell and Crist (14), Knott (32) and others. 
HISTORICAL 
Loew (34) believed that catalase was present in all cells of 
both plants and animals. Subsequent investigations by Reed 
(47), however, showed that in certain stages of development, 
the pineapple contains oxidase but not catalase. Appleman (1) 
found a striking correlation between catalase activity in the 
potato juice and respiratory activity in the tubers. On the 
other hand, he found no correlation between oxidase activity 
and respiratory intensity. Crocker and Harrington (12) con-
firmed to some extent the findings of Appleman. Overholser 
(42 ) reported an agreement between catalase and respiration in 
the fruit of the pear. The data indicated that the catalase 
activity of pears differed widely according to the variety. With 
the four varieties of pears tested, the two having low est respira-
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tory intensity were also lowest in catalase activity; and the two 
highest in respiratory intensity were highest in catalase ac-
tivity. 
On the other hand, Magness and Burroughs (37) found no 
direct association between catalase activity and respiratory in-
tensity in the fruit of the apple. That catalase was not directly 
associated with tempemture was shown by removing Baldwin 
apples from 65° storage to 32° F. storage. At the higher tem-
perature high catalase activity had developed, but after 2 
months in the lower temperature of 32° F. there "vas no ap-
parent decrease in catalase activity. 
Heinicke (23) reported no consistent relation between res-
piratory intensity and catalase activity. But the same author 
pointed out that this does not indicate that catalase activity is 
without metabolic significance. In early germination of seeds, 
as pointed out by Rhine (48), catalase and respiration not only 
are not parallel but are for a time running counter to each 
other, one decreasing while the other increases. Drain (13) 
found that varieties of apples differ in eatalase activity and 
that respiration rate and catalase activity are not closely cor-
related. 
Overholser (43) found that catalase activity in pears was 
greater at 20° and 28° than at 0° C., when the pears were trans-
ferred from 0° and held at 20° or 28° C. for 3 to 14 days. 
Storage at 0° and 30° C. tended to result in a gradual increase 
during the total storage period of 22 days. After 6 months' 
storage at 0° C. catalase was greater than when harvested. 
In experimenting with low temperatures, Carrick (11) found 
that extreme freezing of the McIntosh apple, wherein most of 
the cells were killed, markedly reduced catalase activity. 
Heinicke (21) stated that the higher the nitrogen content, or 
the higher the proportion of nitrogen to carbohydrates, the 
greater the catalase activity. These results were substantiated 
by Auchter (2), who found a greater catalase activity in leaves 
on the nitrate-fertilized sides of trees. The nitrogen treatment 
apparently stimulated the catalase activity of the apple even 
when chemical analysis failed to show increased nitrogen in the 
leaves. 
In 1927 Ezell and Crist (14) reported a negative correlation 
between growth or size of lettuce and spinach, and catalase and 
oxidase activity. Results reported by Haber (17) in respect to 
decreased catalase activity with increases in growth of leaves 
and yield of fruit in the tomato were in accord with results of 
Ezell and Crist. Haber (17) found that catalase activity of 
the tomato fruit was lowest in very green fruit, greater in 
the mature green stage, and less in the ripe fruit. 
Results of Gourley and Hopkins (16) in 1929 are in accord 
with those of Heinicke (22, 23) and Auchter (2 ) . From their 
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studies one may conclude that nitrates produce larger, less 
highly colored fruit, higher water content, greater amount and 
percentage of nitrogen, and increased catalase activity with a 
close correlation between catalase activity and nitrogen per-
centage in the fruit. 
Knott (32) states that when metabolism is shifted so that the 
plant changes from a vegetative to a reproductive type of 
growth, catalase activity decreases. Evidence was obtained by 
Overholser (42) that catalase activity was highest in young 
pears and tended to decrease markedly as maturity advanced. 
This greater catalase activity may be correlated with the 
greater vegetative activity of the young fruits, compared with 
the lower vegetative activity of the mature fruits . To the same 
effect, Heinicke (24, 25) points out that catalase activity was 
greater during the year of the smaller crop, and that the heavier 
the crop, the lower the activity. 
No correlation between growth, yield and oxidase activity 
was reported by Haber (17). Reed (47) found catalase and 
oxidase activity to be independent of each other, and this has 
been substantiated by Haber (17), Appleman (1), Ezell and 
Crist (14) and Drain (13). 
METHODS AND APPARATUS FOR THE DETERMINATION 
OF CATALASE AND OXIDASE ACTIVITY 
During the storage season of 1929-30, catalase and oxidase 
activity were determined on Grimes Golden apples which were 
comparable in respect to field treatment and storage conditions 
to the apples used for respiration studies. 
Determinations were made periodically throughout the stor-
age season. For measuring catalase activity 20 apples were 
used as representative of each storage treatment (35). Cata-
lase and oxidase activity were determined on five composite 
samples of each treatment, and the averages of the readings 
were used to indicate the activity for each treatment. Every 
precaution was taken to obtain a uniform sample and a uniform 
suspension of the macerated tissue. No trouble was encoun-
tered in checking closely duplicate samples or samples of the 
same treatment. 
The method employed for taking the sample was similar to 
that used by Carrick (11). A cork borer, 1 centimeter in diame-
ter, was used. The boring was made transversely through the 
center of the fruit. Each end of the cylinder of tissue was cut 
off and the core region removed, so that the sample contained 
largely parenchyma tissue from the cortex portion of the apple. 
A 4-gram sample was weighed immediately and mixed with an 
equal weight of calcium carbonate (3), and 2 cc. of distilled 
water. The sample was then gronnd in a mortar until a creamy 
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mixture was obtained. This suspension was entirely removed 
from the mortar and brought to a volume of 20 cubic centime-
ters. The solutions were kept at the various specific storage 
temperatures in tightly stoppered test tubes until used. Both 
catalase and oxidase determinations were made within 24 hours 
from the time of the preparation of the sample. 
Standard procedure for the determination of catalase ac-
tivity, similar to that used by Haber (17), was followed; with 
Harvey 's (20) modification of the Bunzel (6) oxidase appar-
atus. Parts of the same samples used for catalase determina-
tions were used for the measurements of oxidase activity. The 
procedure was the same as that used by Haber (17) .4 
• For a more complete account of the procedure followed, the reader is re-
ferred to the author's original thesis on file in the library of Iowa State Col-
lege, Ames, Iowa. 
EXPERIMENTAL 
RELATION OF CATALASE AND OXIDASE ACTIVITY TO 
TEMPERATURE, NITRATE FER'TILIZATION AND 
RESPIRATION 
Determinations of catalase and oxidase activity on Grimes 
Golden apples were made periodically throughout the storage 
season. Data in tables 10 and 11 show the catalase and oxidase 
TABLE 10. CATALASE ACTIVITY OF GRIMES GOLDEN APPLES UNDER DIFFER-
ENT STORAGE TEMPERATURES, AND OTHER CONDITIONS. EACH 
RECORD I S THE AVERAGE OF 5 DETERMINATIONS OF THE 
VOLUME OF OXYGEN I N CC. EVOLVED IN 5 MIN-
UTES AT 68°F. SAMPLE OF TISSUE TAKEN 
FROM COMPOSITE SAMPLES OF 
20 APPLES. 
Storage temperatures 
50°F. 36°F. 30°F. 
Date of 
deter- Immediate Immediate 3 weeks de- Immediate 3 weeks de-
mina- storage storage layed storage storage layed storage 
tion 
High I Check High I Check High I Check High I Check High I Check N . c.c N. c.c. N . c.c. N. C.c. N. C.c. 
c.c. c.c. c.c. c .c . c.c. 
Pre-commercial picking 
9-6- 291 2 . 5 1 9-17-29 3.5 
2 .9 
3.3 
Commercial picking 
9- 28- 29 9 . 1 6.1 9.1 6.1 9.1 6.1 9 . 1 6.1 9.1 6.1 
10-17- 29 11.1 9 .6 8.5 5 .6 11.1 9.6 5.9 5 .6 11.1 9.6 
11- 6-29 10 . 7 9.2 8 .3 6 .4 10.9 8.2 6.8 5.8 8 . 4 7.9 
11- 29- 29 5.1 4 .3 8.2 7.2 10.8 7.9 9.8 9 . 2 17.2 11.8 
12- 15-29 4.1 4.3 8.1 8.4 14.5 11. 3 11.1 9 . 1 16.4 11.4 
1-5-30 3.3 2.9 9 . 4 8 .9 10.2 6.8 9.6 8.7 14.0 10.2 
2- 10-30 2.6 2.2 5.9 5.9 7.9 6 . 5 7.6 7.6 10.9 10.8 
3- 18- 30 2.5 2.5 4.9 3.9 5.5 4 .3 7 .3 7.2 .5 . 2 6.0 
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TABLE 11. OXIDASE ACTIVITY OF GRIMES GOLDEN APPLES UNDER DIFFEH-
ENT STORAGE TEMPERATURES, AND OTHER CONDITIONS. EACH 
RECORD IS THE AVERAGE OF 5 DETERMINATIONS OF OXI-
DASE IN CC. OF MERCURY DISPLACED AT THE 
END OF 60 MINUTES AT 68°F. COMPOSITE 
SAMPLES OF TISSUE FROM 
20 APPLES. 
Storage temperatures 
50°F. 36°F. 30°F. 
Date of 
deter- Immediate Immediate 3 weeks de- Immediate 3 weeks de-
mina- storage storage layed storage storage layed storage 
Hon 
-1----1---1--1-High Check High I Check High Check High Check High Check N. N. N. N. N. 
Pre-commercial picking 
9-6- 291 1. 2 1 9- 17- 29 1.3 
0.8 
1.3 1 ' I 
Commercial picking 
\}- 28- 29 1.3 1.6 1.3 1.6 1.3 1.6 1.3 1.6 1.3 1.6 
10- 17- 29 1.4 1.7 1.2 1.2 1.4 1.7 1.1 1.1 1.4 1.7 
11- 6- 29 1.2 0.8 1.3 1.2 1.1 0.9 1.2 1.0 0.9 0.9 
11-29- 29 0 . 9 1.0 0 . 9 0.8 1.1 1.0 1.1 1.0 1.1 0.9 
1- 5- 30 1.0 0.9 0.9 0.9 1.1 1.1 1.1 1.1 1.0 0.9 
2- 10-30 1.0 0.9 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2 
3- 18- 30 0 . 9 0.9 0.9 0.75 0.95 0 . 95 0.9 0.8 0.9 1.0 
activity of Grimes picked prior to the time of the commercial 
picking as well as those picked at the commercial picking time 
and stored at the various specified temperatures. Catalase and 
oxidase activity at 50° }1'. increased as the fruit approached 
prime condition, then decreased markedly as the storage season 
advanced and the fruit deteriorated. Catalase activity was 
more constant throughout the storage season when the apples 
were placed immediately in the storage temperatures of 30° 
and 36 ° F . When th e apples were delayed for 3 weeks at 
50° F. before storage at 30° and 36° F., this constancy was 
greatly affected and the catalase activity stimulated. Addi-
tional stimulatory effect may be noted with high nitrogen treat-
ment. The highest catalase activity occurred just prior to the 
appearance of soggy breakdown at the storage temperature of 
30° F. High catalase activity was observed with delayed stor-
age fruit at 36° F. , although the activity was not as great nor 
was the increase so abrupt as at 30° F. A small amount of 
soggy breakdown appeared with delayed storage fruit at 36° F., 
although it was present in an incipient form. High catalase 
activity therefore seems to be closely associated with a subse-
quent appearance of soggy breakdown. 
Catalase and oxidase determinations were made on the brok-
en-down . fruit tissue which had developed soggy breakdown. 
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TABLE 12. CATALASE AND OXIDASE ACTIVITY FROM FOUR GRAMS OF 
BROKEN-DOWN TISSUE OF THE APPLES IN WHICH SOGGY 
BREAKDOWN HAD DEVELOPED. 
Number 
of 
sample 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
March 28 
Catala8e. ce. of 
water displaced 
in 5 minutes 
0.0 
0.0 
0.2 
0.15 
0.20 
0.0 
0.15 
0.0 
0.05 
0.1 
Oxidase. ce. of mer-
cury displaced at 
the end of 60 minutes 
0.3 
0.3 
0.4 
0.5 
0.4 
0 .3 
0.4 
0 .3 
0.2 
0.4 
An almost immeasurable small amount of oxygen was evolved 
from this tissue as is shown in table 12. 
On the whole, oxidase determinations were consistently un-
revealing insofar as its relation to soggy breakdown was con-
cerned. 
THE EFFECT OF S'l'ORAGE TEMPERATURE ON CA'l'lI:LASE ACTIVITY 
Catalase activity is independent of, and unrelated to, tem-
perature. As shown in figs. 7 and 8, catalase activity is higher 
with delayed storage fruit than immediately stored fruit and 
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higher and more irregular at 30° 1<'. than at 36 ° F., with apples 
from both nitrogen fertilization and check lots. 
It has been pointed out that soggy breakdown developed 
when Grimes were delayed at higher temperatures and trans-
ferred to 30° F. Figs. 7 and 8 show that the catalase activity 
increased considerably prior to the appearance of this storage 
disorder. This evidence bears out H einicke's (25) view that 
catalase is a sensitive indicator of metabolism. 
THE EFFEc'r OF NITRA'rE FERTILIZATION ON CATALASE AC'l'IVITY 
Catalase activity was closely correlated with nitrogen fertili-
zation, as is shown in figs. 9 and 10. With immediate storage 
fruit at 30° and 36° F., the nitrogen treated apples were con· 
sistently hig'her in catalase activity than the check lot apples 
as is shown in fig. 9. In the case of delayed storage apples thc 
catalase activity was considerably higher in fruit receiving 
nitrate treatment than in those of the check lot which had not 
received nitrate. This poi:i1t is depicted in fig. 9. At the higher 
storage temperature of 50° F. the same relationship existed be-
tween nitrate fertilization and catalase activity, fruit of the 
nitrate treatment showing a consistently higher catalase 
activity than that of the check lot. This relationship is shown 
in fig. 10. 
Under these various storage conditions and temperatures, 
whether immediately stored or delayed 3 weeks at 50° F. before 
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being subj ected to the storage t emperatures of 36° and 30° F. 
or whether maintained at 50° F . throughout storage, there was 
consistently greater catalase activity in apples from nitrate-
treated trees. 
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RELA'l'lONSHIP OF C.\TALASE ACTIVITY '1'0 RESPIRATORY INTENSlTY 
Catalase has been considered a respiratory enzyme by many 
workers. The data and curves presented here show no correla-
tion between catalase activity and respiratory intensity at the 
lower temperatures, although at 50° F . catalase activity is ap-
parently related to respiration (fig. 10). Fig. 11, representing 
both immediate and delayed storage fruit held at 30° F., shows 
that there was no corresponding increase in respiration rate 
with the rise of catalase activity. This was especially notiee-
able in deferred storage fruit, where catalase activity fluctuated 
independently of the respiratory intensity. Lack of parallelism 
between catalase activity and respiratory intensity holds true 
for fruit stored at 30° and 36 ° F. and whether determined from 
fruit of nitrate-treated trees or check lots from non-nitrated 
trees. 
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DISCUSSION 
Grimes Golden apples comparable to those in the respiration 
studies were used in making determinations of catalase and oxi-
dase activity. The object of this investigation was to deter-
mine whether these physiological activities are associated, and 
also what role each plays in the development of storage dis-
orders. 
Apples from plots receiving nitrate fertilization and check 
plots were subjected to the same variations of storage tempera-
ture and conditions of immediate and deferred storage. Curves 
comparing catalase activity and respiratory intensity have been 
presented. Since little conclusive evidence was gained in re-
gard to oxidase, this discussion deals largely with catalase 
activity. 
Catalase activity was correlated with nitrogen fertilization. 
With both immediate and deferred storage at 30° and 36° F. 
and continuous storage at 50° F. fruit from nitrate-treated 
plots was consistently higher in catalase activity. These results 
are comparable with the 'work of Heinicke (21) and Gourley 
and Hopkins (16 ). 
In reviewing the literature on these two enzymes, some work-
ers have considered catalase and oxidase as respiratory en-
zymes. Data and results of the present investigation show no 
correlation with respiration at the lower temperatures, 30° and 
36 ° F. This lack of correlation between respiratory and cata-
la se activity has been reported by Rhine (48), Drain (13), 
Heinicke (23) and Magness and Burroughs (37). In the pres-
ent study, however, catalase activity at 50° F., while not closely 
correlated, appeared to be related to respiration. 
In dealing with deferred storage fruit after placement under 
low temperature and prior to the appearance of soggy break-
down, high catalase activity was indicated, with no correspond-
ing increase in respiratory intensity (fig. 11). Catalase activity 
under these conditions appears to be more sensitive than res-
piration as an indicator of the approach of this storage disor-
der. A noticeable increase in catalase activity early in the 
storage season is a good indication of soggy breakdown sus-
ceptibility. The highest catalase activity with deferred storage 
fruit at 30° F. occurs just prior to and during the early stages 
of the development of soggy breakdown. With deferred stor-
age fruit at 36° F. , even an incipient form of fWggy breakdown 
is indicated by catalase activity, although the disease does not 
actually appear until considerably later. 
. Deferred storage of Grimes Golden apples is contributory to 
storage disorders, such as soggy and mealy breakdown. Cata-
lase activity serves as an indicator of physiological behavior, 
indicating disturbances within the tissue of the apple. 
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